In this work, removal of dissolved oxygen in water through reduction by glucose, catalyzed by glucose oxidase -catalaseenzyme, was studied. Central composite design (CCD) technique was applied to achieve optimum conditions for dissolved oxygen scavenging. Linear, square and interactions between effective parameters were obtained to develop a second order polynomial equation. The adequacy of the obtained model was evaluated by the residual plots, probability-value, coefficient of determination, and Fisher's variance ratio test. Optimum conditions for activity of two enzymes in water deoxygenation were obtained as follows: pH 5.6, T = 40 °C, initial substrate concentration, [S] = 65.5 mmol/L, and glucose oxidase activity, [E] = 252 U/Lat excess amount of catalase. The deoxygenation process during 30 s, in the optimal conditions, was predicted to be 98.2%. Practical deoxygenation in the predicted conditions was achieved to be 95.20%, which was close to the model prediction.
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In many industries such as pharmaceutical, food, biotechnology, power plants and semiconductor manufacturing, water is used for different purpose such as system cooling and warming. Dissolved oxygen (DO) in water causes some problems in industrial systems, for example, in boilers and steel pipes DO causes pitting corrosion, poor heat transfer and in pumps it causes cavitation and fins corrosion [1, 2] . So in boilers, deoxygenation of feedwater is an important step. Oxygen solubility in water is about 8 mg/L at surrounding conditions. However, acceptable levels of DO is dependent on the process, for example, in semiconductor manufacturing, less than 0.10 mg/L is necessary [3, 4] .
Various physical and chemical methods are applied to remove DO. Physical methods include thermal degassing, vacuum degassing, nitrogen bubbling and degassing through a membrane module [2, 5] . Using these physical methods, it is difficult to reduce the DO concentration from mg/L to µg/L level. Physical methods have inherent deficiencies of being bulky, costly and inflexible in operation [4] . Recently, hollow fiber membrane contactors with high efficiency and some other advantages have been utilized to remove dissolved oxygen, but their use is still not common [6] . Chemical methods for scavenging of DO include the addition of reducing agents such as hydrazine, sodium sulfite, carbohydrazide, β-ketogluconate, and gallic acid [3, 5] . Sodium sulfite reacts with DO to form sodium sulfate. But at high pressures, sodium sulfite increases the ionic content of water and decomposes to H 2 S and SO 2 , which are corrosive [7] . Hydrazine is another oxygen scavenger that provides some advantages to the physical methods and sodium sulfite, but is undesirable due to its toxicity. Another drawback of hydrazine is its low rate of reaction with DO at ambient temperature so the reductive removal of DO by hydrazine needs a highly active catalyst [6] . Recently, the use of hydrogen in the presence of catalyst is an attractive method, but it has some disadvantages such as a high cost and operational difficulties [8, 9] .
In this study, an environmentally friendly enzymatic system has been applied for the removal of DO from water. The ability of enzymes to bind to specific substrates and mediate their reaction into stereospecific products and their efficiency in reaction mediation makes them an attractive tool for use in industrial processes. The present study involves the use of an enzymatic system based on an oxidase and a proportional substrate. Reactions catalyzed by an oxidase consume oxygen and produce water or hydrogen peroxide as a by-product. A preferred enzyme is glucose oxidase (GOx) which is an oxidoreductase that catalyzes the oxidation of β-D-glucose to D-glucono-1,5-lactone using molecular oxygen and releasing hydrogen peroxide: 
D-Glucono-1,5-lactone is spontaneously converted to gluconic acid [10] . Hydrogen peroxide may be removed by treatment with catalase which converts it to water and molecular oxygen [11] :
For most large-scale applications, the two enzymatic activities are not separated. Glucose oxidase and catalase may be used together through Eq. (3) when net hydrogen peroxide production is to be avoided: 
GOx has many commercial applications including glucose removal from egg before drying for use in the baking industry, improvement of color, flavor, and shelf life of food materials and oxygen removal from fruit juices [12] . It has also been used in other food items such as: constitute a potential alternative to increase the survival of probiotic bacteria in yogurt because it consumes the oxygen permeating to the inside of the pot during storage, thus making it possible to avoid the use of chemical additives [13, 14] . It has been used in glucose assay kit in conjunction with catalase [15] and chiefly in biosensors for the detection and estimation of glucose in industrial solutions and in body fluids such as blood [16] . Implantable glucose sensors have found applications for diabetes patients [17] .
In this study, enzymatic deoxygenation of tap water for potential use in industries, (such as use as boiler feed water) has been investigated. The effects of pH, temperature, substrate initial concentration and GOx activity on the efficiency of enzymatic deoxygenation process were investigated. Parametric optimization is considered using a statistically based optimization strategy called response surface methodology (RSM) to determine the optimum conditions for deoxygenation of water in the presence of excess catalase. The central composite design was used to collect the data for fitting a second order response.
MATERIALSAND METHODS

Materials
Commercial glucose oxidase (GOx, EC 1.1.3.4, 1000 U/g, from Aspergillums niger) was purchased from Kimia Enzyme (an Iranian local market), and bovine liver catalase (EC 1.11.1.6, 3809 U/mg) and β-D--(+)-glucose were purchased from Sigma. All other chemicals were of analytical grade and were used without further purification. All solutions were made up with distilled water.
Assay of glucose oxidase activity
The activity of glucose oxidase was measured with 10 mmol/L glucose as substrate. In the presence of oxygen, GOx oxidizes β-D-glucose to β-D-glucono-δ-lactone and H 2 O 2 . The H 2 O 2 is then utilized to oxidize a chromogenic substrate in a secondary reaction in the presence of catalase and a resultant color change is monitored spectrophotometrically. The 2,2'-azino-di-(3-ethylbenzthiazoline-sulfonate) (ABTS) was used for this goal through forming a greenish-blue oxidized product measured spectrophotometrically at 420 nm [18] . A unit of enzyme activity (U) was defined as the amount of GOx required to consume 1 µmol substrate in 1 min at 25 °C. All measurements were performed in a quartz cuvette maintained at 25±0.30 °C using a spectrophotometer (Biowave S2100-WPA, England).
Assay of catalase activity
The activity of catalase was measured based on the initial rate of catalase-catalyzed decomposition of H 2 O 2 at the H 2 O 2 initial concentrationof 10 mmol/L. The reaction temperature was 25 ºC. The H 2 O 2 concentration was continuously monitored based on the absorbance at 240 nm (ε 240 = 39.40 (mol/L) -1 cm -1 ). The initial rate of the decomposition of H 2 O 2 was taken as the activity of catalase [19] .
Deoxygenation procedure
In a 140 mL mixed bioreactor containing tap water, 15-35 mg glucose (35-75 mmol/L) and excess amount of catalase to be confident of the quick removing of H 2 O 2 (500 U catalase was used in 140 mL water), favorite amount of GOx was added then sealed perfectly and deoxygenation reaction was started up. DO concentration was monitored using a DO meter sensor (WinLab art. 6103 30030) during the deoxygenating process. Experiments were done in constant temperatures (22.5-52.5 °C); the temperature was generally controlled by a thermostatic water jacket (Figure 1). 
Experimental design
A five-level, four-factor CCD was employed in this study. For four variables (n = 4), the central composite design could be represented by points on a cube, with 16 cubic points, 6 center points, and 8 axial points. In this case, 30 experiments were comprised in the CCD and were performed in two blocks. Tables  1 and 2 show the complete design matrix. In this study CCD design has been constructed using Design Expert (version 7) and Statistical (version 7) softwares. The factors in this experiment were pH (x 1 ), reaction temperature (x 2 ), substrate initial concentration (x 3 ) and GOx activity (x 4 ). The mathematical relationship of the response (y) on the four significant independent variables x 1 -x 4 can be approximated by a nonlinear polynomial model including 4 linear, 4 squared, and 6 two factor interaction terms and 1 intercept term [20, 23] 
where y is dissolved oxygen removing percentage in 30 s; β 0 is the constant coefficient; β i is the linear effect of coded variable x i ; β ii represent quadratic effects; β ij represent the cross product effects or two factor interaction effects.
RESULTS AND DISCUSSION
Variance and Pareto analysis
The experiments were performed according to the central composite design arrangement considering pH, temperature, initial concentration of glucose and glucose oxidase activity as the selected variables. The design matrix and the experimental results of enzymatic deoxygenation of water by CCD have been presented in Table 2 . 
where y is the response (the percentage of DO removing in 30 s) and x 1 -x 4 are the coded forms of variables referring to pH, temperature, glucose initial concentration and GOx activity, respectively. A negative sign for the regression coefficient indicated that the ability of the system to remove DO decreased with increasing in the value [24] . The obtained experimental results were statistically treated using an analysis of variance (ANOVA) to study the goodness of fit. ANOVA results of this quadratic model have been listed in Due to high p-value for some interactions, the model was refitted and a reduced model was used. x 1 x 2 and 
This model also showed statistically insignificant lack of fit, as is evident from the lower computed Fvalue (3.57) and large p-value (0.08 > 0.05) at 95% confidence level. The pure error was very low (9.05), indicating good reproducibility of the obtained data.
Zero p-value (0.0000) for model from ANOVA and a suitable coefficient of determination (R 2 = 0.92), Figure 2, implied the polynomial model has been highly adequate and sufficient to represent the relationship between the response and variables (Table 4 ). The adequacy of model was also evaluated by the residuals. The interpretation of the residual plots relevant to water deoxygenation would help to assess the strengths of the estimated model. The residuals provide a measure of the quality of the data analysis. The emphasis in the use of residual plots is usually on the use of some simple graphical techniques, which make it possible to detect and explain the departures from assumptions used in developing the regression equations. The pattern of the straight line in the normal plot of the residuals implies the following: a normal distribution of the errors and adequacy of the least squares technique was confirmed; the data supported the constructed model (Figure 3 ). Residuals against the predicted values of the response showed an almost identical scattering pattern above and below the axis. The histogram of the residuals for water deoxygenation had normal distribution and the residuals versus the run order of the experiments according to the design of the experiment is helpful to show the random scattering of the residuals around zero; this informative approach implies that the constructed model was adequate [27, 28] .
The Pareto analysis was carried out to check the affectivity of each factor. This analysis gives more significant information to interpret the results. This analysis calculates the effect of each factor according to [29] : 2 2 100 0 ( ) Figure 4 shows the results of Pareto analysis. As can be seen in this figure among the variables, GOx concentration (33.97%), pH*pH (24.16%) and T*[E] (11.11%) produce the main effect on water deoxygenation efficiency.
Effects of process variables on water deoxygenation
The effect of pH, temperature, glucose concentration, and GOx concentration on water deoxygenation process efficiency was studied ( Figure 5 ). As can be seen in Figure 5 (a and b) the efficiency of deoxygenation process is accelerated with increasing the reaction temperature up to 40 °C, but above 40 °C the efficiency of reaction decreases because enzymes are sensitive to temperature and are destructed at high temperatures [30] . Also, Figure 5 shows that the efficiency of deoxygenation process increases with increasing the glucose initial concentration up to 65.5 mM.
Since enzyme activity is dependent on the ionization state of the amino acids in the active site, pH plays an important role in maintaining the proper conformation of an enzyme [18] . Graphical interpretation of three-dimensional and contour plots in Figure 5 (c and d) illustrated that the highest deoxygenation efficiency was achieved at the pH 5-6. The reason of this observation is thought to be the fact that glucose oxidase is active in acidic and natural pH ranges, but it becomes denaturation in the very acidic and alkali pH medium [31] . As it can be seen ( Figure 5 ), the efficiency of deoxygenation process is increased with increasing the enzyme concentration. This can be attributed to the more substrate-binding sites on the enzyme molecules thereby causing greater water deoxygenation rate, and the rate of reaction is limited by the rate of the catalytic process on the enzyme surface [32] .
Optimized conditions for enzymatic deoxygenation
Optimized conditions achieved by RSM were shown in Table 5 . In these conditions deoxygenation percentage had been predicted to be 98.15% within 30 s. The response was increased with rising glucose initial concentration up to 65.5 mmol/L and then there was no change, so 65.5 mmol/L was the best glucose concentration for quick deoxygenation. GOx had an approximately linear effect on the response until 252 U/L, which was the optimal point. In the optimized conditions, DO removing was done four times and the average of them calculated to be 95.20% which was close to the predicted value by the model. Under these conditions, after 40 s the level of O 2 in the water reached zero. The main disadvantage of the enzymatic deoxygenation is denaturation of the enzymes and their low half-life activity in high temperatures. Gluconic acid, the only by-product of oxidation reaction, is not toxic and use of the substance as an oxygen scavenger agent has been reported [33, 34] . So, the possible residual oxygen activity in the water line would be inhibited by this substance at high temperatures.
CONCLUSION
Central composite design method based on response surface methodology was used to achieve optimum conditions in an enzymatic water deoxygenation process. The optimum conditions obtained were found to be: pH 5.6, T = 40 °C, substrate initial concentration, [S] = 65.5 mmol/L, and glucose oxidase activity, [E] = 252 U/L. The removal of oxygen dissolved in water, in optimal conditions was measured to be 98.2% during 30 s.
